G raphene has extraordinary atomic and electronic structures. 1À3 To harness graphene's electronic 4 and magnetic properties, 5 one must first control the fabrication of graphene nanoribbons (GNRs) of desired widths and edge configurations. 3, 6 The required degree of precision excludes conventional top-down fabrication processes, which inevitably introduce defects. 7À10 Surfaceassisted molecular assembly (SAMA), 11À20 a bottom-up method, can produce defect-free armchair-edge GNRs of different widths, 21À23 but because current strategies rely entirely on precursor molecular structures to direct the assembly, to date, no one has synthesized a precursor that can yield different edge configurations. Here, we fabricate precise chiraledge GNRs using SAMA that, besides molecular design, invoke a combination of distinct substrate properties to direct assembly. Specifically, we show that a precursor molecule, known to form armchair GNRs on inert surfaces via the Ullmann coupling reaction, 21 can be directed by a Cu{111} surface to undergo intermolecular cyclodehydrogenation (CDH) instead. 24 This particular combination of Cu surface properties enantioselectively distributes product chiral-edge (3,1)-GNRs along distinct azimuthal directions; a phenomenon that enables asymmetric production of adsorbed chiral GNRs. We show that individual substrate properties can combine to override and/or to complement precursor molecular design, introducing new reaction pathways.
RESULTS AND DISCUSSION
We present our scanning tunneling microscopy (STM) measurements of (3,1)-GNR fabrication by thermally induced polymerization of 10, 10 0 -dibromo-9,9 0 -bianthryl precursor monomers (DBPMs, structure in inset of Figure 1a ) on Cu{111}. We interrogate the effects of annealing temperatures by performing three sets of experiments. All experiments start with DBPM deposition onto Cu{111} held at room temperature (RT) in ultrahigh vacuum. Subsequently, for each of the three sets of experiments, the sample was subjected to (i) no further annealing, (ii) 10 min annealing at 200°C, and (iii) 10 min annealing at 500°C, before STM imaging at T = 5.6 K. All STM images presented were recorded in topographic mode. Figure 1 shows three STM images of Cu-{111} surface following DBPM deposition at RT (experiment (i)). Under these conditions, molecular chains ( Figure 1a Because high-bias imaging of the observed molecular chains induces debromination (Supporting Information Figure S2 ), we deduce that the observed features are intact DBPMs self-assembled into chains. The staggered protrusions in Figure 1b ,c are caused by the steric-hindrance-driven crossing of the bianthryl units within the DBPM molecules (dots and crosses in Figure 1a inset). Occasionally, two-dimensional (2D) DBPM islands are observed (blue arrow in Figure 1b) . To investigate the structures of these chains and to understand the STM images, we used density functional theory (DFT) to model the adsorption of DBPM.
In Figure 2 , we model a DBPM chain at 0 K, close to the imaging conditions of experiment (i). We calculated the ground-state adsorption configuration of a single DBPM (Figure 2a) , determining the DBPM adsorption energy to be E ads = 1.46 eV. We construct a bimolecular supercell with periodic boundary conditions by placing two ground-state DBPMs along the direction of the yellow dotted line in Figure 2b . This direction is 14°from the Cu{111} atomic rows (white dashed line in Figure 2b ), and was chosen based on our STM azimuthal-angle measurements of GNRs (vide infra). Figure 2b shows the relaxed configuration of the model DBPM chain. We found the molecules are stable in proximity with overlapping bianthryl tips. This overlap suggests the driving force for the DBPM chain formation stems from attractive πÀπ stacking interactions. We estimated the magnitude of interactions (E int ) between two DBPMs, using the scheme in Supporting Information Figure S3 , yielding E int = 0.115 eV.
With these results we propose that at RT (i.e., experiment (i)), πÀπ stacking interactions drive DBPM to form chain structures on Cu{111}, with an energy gain ΔE int = 0.230 eV for a single molecule interacting with two neighbors (ΔE int = 0.115 eV for molecules at chain extremities). Intermolecular BrÀBr electrostatic repulsions may provide a barrier against 2D island formation observed in Figure 1b (Mulliken population at Br is calculated to be À0.13 e). Moreover, the DBPM azimuthal orientation with respect to the Cu{111} lattice depicted in Figure 2a is a feature of the ground-state DBPM adsorption, which explains the six preferred alignment directions of the DBPM chains observed in Supporting Information Figure S1 (i.e., Figure 2a yields two mirror adsorption conformations, yielding two chain configurations per each of the three Cu{111}-atomic-row direction). In Figure 1c , we overlap the relaxed chain configuration (Figure 2b ) with a DBPM chain imaged by STM.
Annealing the sample to 200°C following RT DBPM deposition breaks up the chain structures observed in Figure 1 and induces DBPM island formation (experiment (ii), Figure 3a ). The average apparent height of the islands in Figure 3a is comparable to that of the chain structures in Figure 1 (see Supporting Information Figure S4 for direct apparent-height comparison). As their internal structures suggests (Figure 3a inset), these islands are composed of many small 2D single-crystal DBPM domains (e.g., blue arrow in Figure 1b ). Because we image at T = 5.6 K, we cannot determine whether the observed islands are stable structures or are the quenched condensed phase of an equilibrium state with a 2D gas phase. 25 Annealing the sample to 500°C induces polymerization, yielding clusters of linear structures (experiment (iii), Figure 3b ). High-resolution images reveal the characteristic chiral edge configuration of (3,1)-GNRs (Figure 3c ). Both the size and the edge conformation of the overlaid space-filling model are consistent with the neighboring ribbons imaged by STM. The apparent height of the product is significantly lower compared to that of the unreacted molecules, indicating molecular flattening upon polymerization (Supporting Information Figure S4 ). The circular features in Figure 3c were determined to be free Br atoms by scanning tunneling spectroscopy (Supporting Information Figure S1c ). 26 The locations of the circular features in Figure 3c (i.e., in between GNRs) indicate that these Br atoms were trapped immediately following debromination. This observation implies that debromination of DBPM occurs at T deBr > 200°C. This result is surprising, since Cu{111} is known to promote debromination of organic molecules even at RT. 26À31 We calculated the activation barrier for breaking a single DBPM CÀBr bond on Cu{111} to be E deBr = 0.81 eV ( Figure S5 ). This suggests that at T e 200°C, the time scale for thermal debromination of DBPM on Cu{111} is much longer compared to that of our sample manipulations (time between RT DBPM deposition on Cu{111} and sample introduction into 5.6 K environment is t e 10 min for experiment (i) and t e 30 min for experiment (ii)).
The trapped Br atoms also provide evidence that the GNR fabrication mechanism is not a diffusioncontrolled process (i.e., where molecular diffusion is the rate-limiting step of the assembly). Within the GNR cluster in Figure 3c , free Br atoms occupy all available space between ribbons, leaving edges without neighboring GNRs devoid of Br atoms. This indicates that, for the observed cluster, polymerization occurred where DBPMs were already prepositioned for reaction at the polymerization onset. As GNRs are formed, Br atoms produced at the center of the cluster are trapped between ribbons, while Br atoms produced at the cluster edge are free to diffuse away.
The hypothesis that the current SAMA is not diffusion controlled is further supported by the GNR length distribution. The main panel in Figure 4 shows the length-distribution histogram compiled from the measurement of 352 ribbons from our STM images. This histogram indicates that the number of GNRs of the same length decays exponentially with GNR length (compare with f(x) = (1/2)
x , displayed as red curves in the same figure) . This type of distribution is unusual compared to previous diffusion-controlled bottom-up GNR assemblies, which typically exhibit Γ-distribution in GNR lengths. 21, 23 The fact that 198 out of 352 GNRs are 1 nm long (i.e., one-DBPM long) is evidence that once polymerization starts, isolated and misaligned DBPMs can only undergo debromination and molecular flattening, without the possibility of subsequent diffusion or polymerization. 
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These results indicate that our product is a (3,1)-chiral-edge GNR formed by both Cu{111}-catalyzed debromination and Cu{111}-catalyzed CDH 24 between adjacent DBPMs ( Figure 5 ). We propose that this polymerization can occur only in DBPM chains with configurations similar to those modeled in Figure 2b . We stress that Figure 2b illustrates the lowest energy arrangement and hence does not model a molecular configuration at high temperature. Instead, we postulate that, at high temperature, chains like those in Figure 2b are stabilized by a 2D condensed phase, prepositioning DBPMs for polymerization into (3,1)-GNRs. Further, comparing our calculated E deBr = 0.81 eV with the activation barrier calculated elsewhere for CDH, E CDH = 1.8 eV, 24 we propose that DBPM polymerization on Cu{111} begins with debromination, followed by CDH. According to Figures 3c and 4 , the debrominated DBPM radicals do not diffuse between the two reactions. Instead, they remain at the same location where debromination occurs. For DBPM radicals that are prepositioned correctly, CDH ensues with the dehydrogenation of the downward-pointing anthryl tips (red crosses in Figure 5 ), triggering a cascade of CDH reactions in the region between DBPMs (blue dashed oval in Figure 5 ). 24 We visualize the polymerization mechanism as shown in the schematic in Supporting Information Figure S6 . Next, we demonstrate the Cu{111} surface structure is directly involved in the DBPM alignment into the chain configuration, conducive to polymerization. Figure 6a highlights the (3,1) -GNR commensuration with Cu{111} by partially resolving both structures through intermittent STM tip interactions with stray adsorbates. 32 As the white dashed line in Figure 6a indicates, the zigzag edges of the (3,1)-GNRs are aligned with one of the Cu{111} atomic row, indicating a 14°offset of the GNR axis (yellow dotted line) from the Cu atomic row direction. 33 The observed commensuration mode also entails six possible GNR growth directions: each of the three Cu{111} major axes, yielding two possible adsorption chiralities (depicted as yellow and blue mirror images in Figure 6b ). We tested the growth directions by digitally isolating GNRs in our STM images and by measuring their azimuthal angles with respect to the horizontal direction (see the Methods section for detail). In Figure 6c , we highlight the digitally isolated GNRs with lines colored according to the adsorption chiralities defined in Figure 6b . The adsorption chirality of each GNR was Figure S7 ). The angle measurements from all isolated GNRs are then compiled into the histogram in Figure 6d , showing six dominant growth directions, each of which composed of a single adsorption chirality (colored arrows in Figure 6d ). This is consistent with both STM experiments (Supporting Information Figure S1 ) and DFT calculations, which predict six possible configurations of the unreacted DBPM chains on the Cu{111} lattice ( Figure 2) .
Next, we discuss the mechanism leading to the directionality of DBPM adsorption on Cu{111} (Figure 2a) . To this end, we compare the single-DBPM E ads calculated including van der Waals (vdW) interactions (E ads = 1.46 eV) and excluding vdW interactions (E ads = 0.09 eV, Supporting Information Figure S8 ). These results indicate that over 90% of the substrate-DBPM interactions are vdW in origin. From this, we propose that for the DBPM/Cu{111} system, vdW forces pull the molecules toward the surface forcing the molecular orbitals to interact with surface Cu atoms (Supporting Information Figure S8 , main panel). This latter interaction enables preferential alignment of individual DBPMs with the Cu{111} atomic rows as depicted by the adsorption configurations in Figure 2 . This preferential orientation dictates the direction of molecular chain formation as evidenced by Supporting Information Figure S1 . The same interactions may also happen within the condensed island phase at high temperature, prepositioning DBPMs along the direction that is 14°from the Cu{111} atomic rows.
CONCLUSIONS AND PROSPECTS
We have demonstrated that the chemistries of SAMAs can be altered by specific properties of the substrate. The surface atomic structure of Cu{111} and its propensity to catalyze CDH combine to direct the DBPMs to polymerize into (3,1)-GNRs. Previous work on DBPM assemblies by Au{111} and Ag{111} 21 indicated that ideal substrates should be just reactive enough to lower the activation barriers of chemical reaction predetermined by the precursor molecular structure. 14, 27, 30, 34, 35 Our work shows that more reactive surfaces can be used to control the structure of the SAMA product, even dictating its symmetry. For example, the GNR-adsorption-chirality distribution is disperse over a Cu{111} terrace in Supporting Information Figure S9a . However, this dispersion is not retained on top of Cu{111} step edges. As Supporting Information Figure S9b shows, (3,1)-GNR growth occurs only over step-edge regions aligned with the preferred growth directions. This implies that, potentially, the (3,1)-GNR adsorption chirality can be selected by a vicinal Cu surface with high step density and controlled step directions, such as Cu{643}, 36 opening possibilities for enantioselective heterogeneous catalysis. In the broader perspective of bottom-up fabrication, this work takes molecular assemblies out of the confine of weak interactions 12À14 to include processes involving covalent-bond manipulation. Previous STM work by Treier et al. showed Cu-catalyzed CDH as an intramolecular reaction where reacting entities are aligned and held in position by the covalent bonds of the molecules. 24 Our work demonstrates that the Cu substrate aligns multiple DBPMs and holds them with anthryl tips pointing at each other to form (3,1)-GNRs. 37, 38 In the field of GNRs, our findings provide a strategy to design bottom-up methods of making precise GNRs of desired edge configuration, including the coveted zigzag edge.
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METHODS
Preparation and imaging of (3,1)-GNRs. The Cu{111} single crystal (MaTecK GmbH, Jülich, Germany) was prepared by repeated cycles of Ar þ ion bombardment and annealing at 500°C and cooled down to RT for use as substrate for GNR growth. 10,10 0 -Dibromo-9,9 0 -bianthryl precursor monomers (synthesized according to method reported in ref 21) were deposited in ultrahigh vacuum by sublimation using a custommade Knudsen cell at RT. Polymerization was performed by annealing DBPM/Cu{111} at 500°C for 10 min. Surface coverages were monitored by a custom-made STM. 39 All STM images were acquired at 5.6 K, and were processed with WSXM software. 40 We used W tips custom-etched from polycrystalline wires. We monitored our sample temperature optically using an infrared pyrometer. Our Cu sample (7 mm Â 2 mm Â 1 mm) is heated using a filament located at its backside.
Density Functional Theory. Our calculations were done using VASP code, 41 with PAW potentials and revised vdW-DF2 functional. 42 The single-molecule calculations were performed with a supercell of 1.536 nm Â 1.773 nm Â 2.353 nm, extended to 1.845 nm Â 1.846 nm Â 1.810 nm for simulations of the periodic chain. The molecular chains were constructed by repeating DBPM dimers along the direction 13.89°from the Cu{111} atomic row. The angle was chosen based on the product GNR alignment with Cu{111} observed by STM. In all cases, the supercells included three Cu atomic layers, and the atoms in the lowermost layer were fixed to their ideal positions. Structure optimizations were performed with E cutoff of 400 eV and 2 Â 2 Â 1 MonkhorstÀPack k-points grid. The vdW contribution to all adsorption and interaction energies was obtained through comparison against PBE96 calculations.
43 Molecular dynamics simulations were performed considering only Γ-point, and an integration time step of 1.0 fs: hydrogen atoms were replaced by deuterium.
Angle-Measurements and Length-Distribution Image Processing. Scanning tunneling microscopy topographs were converted into gray scale images where pixel values range between 0 and 1. We applied the morphological components detection algorithm available in Wolfram Mathematica, with a threshold of 0.574. Fitting all detected features to ellipsoids provides an estimate of their size, elongation, and orientation. Small image features (area <28 pixels) were removed from all analysis as they could not be reliably fitted; for angle measurement, round features (elongation < 0.5) were ignored as well.
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